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ABSTRACT 

Sigmoids are one of the most important precursor structures for solar erup- 
tions. In this Letter, we study a sigmoid eruption on 2010 August 1 with EUV 
data obtained by the Atmospheric Imaging Assembly (AIA) on board the Solar 
Dynamic Observatory {SDO). In AIA 94 A (Fe XVIII; 6 MK), topological re- 
configuration due to tether-cutting reconnection is unambiguously observed for 
the first time, i.e., two opposite J-shaped loops reconnect to form a continuous 
S-shaped loop, whose central portion is dipped and aligned along the magnetic 
polarity inversion line (PIL), and a compact loop crossing the PIL. A causal re- 
lationship between photospheric fiows and coronal tether-cutting reconnections 
is evidenced by the detection of persistent converging flows toward the PIL using 
line-of-sight magnetograms obtained by the Helioseismic and Magnetic Imager 
(HMI) on board SDO. The S-shaped loop remains in quasi-equilibrium in the 
lower corona for about 50 minutes, with the central dipped portion rising slowly 
at ^ 10 km s~^. The speed then increases to ^ 60 km s~^ about 10 minutes prior 
to the onset of a GOE'S'-class C3.2 flare, as the S-shaped loop speeds up its trans- 
formation into an arch-shaped loop, which eventually leads to a loop-like coronal 
mass ejection (CME). The AIA observations combined with Ha flltergrams as 
well as hard X-ray (HXR) imaging and spectroscopy are consistent with most 
flare loops being formed by reconnection of the stretched legs of less-sheared J- 
shaped loops that envelopes the rising flux rope, in agreement with the standard 
tether-cutting scenario. 
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Introduction 



CMEs and flares are responsible for the most energetic space weather phenomena, yet 
our knowledge of the driving mechanisms and the actual conditions leading to the eruption 
is limited. To achieve better understanding, we must identify the key aspects of eruptive 
structures that can provide diagnostic information for comparison with and incorporation 
into the models. 

A distinctive set of structures that have been under special scrutiny are sigmoids 
( IRust fc Kumarl Il996i) . which are forward or in verse S-shaped coronal loops seen often in 
soft X-ray (SXR) and sometimes in EUV (e.g., Liu et al. 200?! ) emission. They are often 
comp osed of two opposite J-like bundles of loops which collectively make an S-shape appear- 
ance ( ICanfield et al.l 120071 : iMcKenzie fc Canfieldl l2008l ) . Sigmoidal regions are significantly 



more likely to be erupti ve than non-sigmoidal regions ( iHudson et al 



1998 



Canfield et al. 



19991 : iGlover et al.l l2000l ) . The eruption is usually followed by the formatio n of unsheared 



arcades or cusped loops , a process termed "sigmoid-to-arc ade" evolution (e.g. [Sterling et al. 



2000l : lMoore et al.ll2001 



sigmoids are filaments ( jPevtsov 



Pevtsov| | 2002l : iGibson et al.ll2002l ). In close spatial association with 
2OO2I ) . with which the central portion of the sigmoi d is ap- 



proxi mately aligned. The filament channel is known as a tracer of sheared field ( IMartin 
19981 ). and t he dense filament ni aterial is suggested to be supported either by a helically 
coiled field (IGibson fc FanI 20061 . and references therein), or by a sheared arcade (e.g., 
Antiochos fc Klimchuklll99ll ). against the solar gravity. 



It is appealing to associate sigmoids with kinked fiux ropes ( IRust fc Kumarl 1 19941 . 



19961 ). whereas it remains controversial whether the observed signioids c a rry suflScient mag - 
netic twist for the onse t of the kink instability ( ILeamon et al.l l2003l : iLeka et al.l l2005l ). 
Titov fc DemoulinI ( 119991 ) suggested that the transient sigmoidal brightening outlines mag- 
netic structures with enhanced current density. This has been demonstrated in several MHD 
simulations, in which, for example, th e sigmoid is identifi ed either with separatrix surface 
associated with a bald-patch topology ( IFan fc Gibsonll2004l ). or with J-sh aped field lines tha t 
pass through the vertical current sheet below a rising kink-unstable loop ( IKliem et al.ll2004l ). 



Based on morphologi cal changes of fiar i ng st ructures, a physical picture for sigmoid 



erupti on was proposed by iMoore fc Labontd (Il980l ) and further elaborated by iMoore et al. 



( 120011 ). in which the magnetic explosion is unleashed by the so-called tether-cutting recon- 
nection, occurring between the inner legs of the two elbows of the sigmoid where they shear 
past each other under the filament. This reconnection produces a shorter low- lying loop 
across the PIL and a longer twisted loop connecting the far ends of the sigmoid. The erup- 
tion begins when the twisted loop becomes unstable and distends the envelope field that 
overarches the sigmoid. The legs of the stretched envelope field subsequently reconnect back 
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to form an arcade structure and the ejecting plasmoid escapes as a CME. Evi dence for the 
tether-cutting model c a n also be found in recent o bserv ational studies (e.g., IWangI l2006l : 
Yurchyshyn et al.ll2006l : iLiu et al.l 120071 ). iLiu et al.l ( 120081 ) studied an EUV sigmoid, which 
is discontinuous at where it crosses the filament prior to the eruption, but becomes a single 
continuous struc ture lying above the filament at the eruption onset. This particular feature is 
at variance with iMoore et al.l ( 120011 ). in which the tether-cutting reconnection occurs below 
the filament. 

The aforementioned observational studies, however, are often compromised by instru- 
mental constraints, due to which some important aspects of the tether-cutting model remain 
ambiguous: (1) Is the eruption initiated by tether cutting which leads to the rising of a fiux 
rope or by the loss of equilibrium of the fiux rope which later induces tether cutting below it? 
(2) Is the fiux rope pre-existent or formed by tether cutting? (3) Is the filament supported 
by the sheared legs of the sigmoid or by an embedded fiux rope? (4) Does the sigmoid itself, 
or the overlying arcade, or a pre-existent fiux rope, erupt as the CME? 

With the launch of SDO^ we are now in a better position to address the above issues. 
Here we investigate a sigmoid eruption observed by SDO^ in which a twisted fiux rope formed 
via tether cutting, and subsequently transformed into an arch-shaped loop distending the 
overlying field and resulting in a GOE'S'-class C3.2 fiare and a loop-like CME. In the rest of 
the Letter, observations and data analysis are presented in Section 2; important conclusions 
and remaining issues are summarized in Section 3. 



2. Observations & Data Analysis 



2.1. Instruments & Data Sets 



The sigmoid studied here erupted at about 08:00 UT on 2010 August 1, and was fully 
covered by AIA and HMI aboard SDO (Figure [l](c) and (d)), as well as by the Ha telescope 
at the Kanzelhohe Solar Observatory (KSO; Figure [l](e)-(h)) starting from 06:52 UT. The 
subsequent CME was detected by the CORl coronagraph aboard both the 'Ahead" and 
"Behind" satellites of the Solar Terrestrial Relations Observatory [STEREO] Figure [l](a) 
and (b)), which were separated by about 150 deg. The flare associated with the CME 
was detected b y the Reuven Ramaty High-Energy Solar Spectroscopic Imager {RHESSI; 
Lin et al.l[2002h . 



AIA takes multi-wavelength images at V\2 resolution and 12-second cadence. To study 
flaring plasma, we focus on the 94 A fllter (Fe XVIII; logT = 6.8), as well as the 131 A fllter 
which covers Fe VIII (logT = 5.6), Fe XX (logT = 7.1) and Fe XXIII (logT = 7.2). To 
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Fig. 1. — Overview of the sigmoid eruption on 2010 August 1. Panels (a) and (b) show the 
CME captured by the CORl coronagraph aboard STEREO. Panels (c) and (d) show a pre- 
and a post-eruption AIA composite image, respectively. The rectangle in Panel (d) indicates 
the field of view of KSO Ha images in Panels (e)-(h). The Ha images are registered with the 
one at 08:17 UT (Panel (g)), which is co- aligned with and overlaid by the HMI magnetogram 
taken at the same time. The contours levels are ±100, ±500 and ±1000 G, with red (blue) 
color for positive (negative) polarity. A filament located along the PIL is labeled "F" in 
Panel (e). Panel (g) is also overlaid by RHESSIUXR sources integrated from 08:17 to 08:18 
UT, at 3-9 keV (white) and at 12-25 keV (black). The contour levels are 50%, 70% and 
90% of the maximum brightness. 



- 5 - 



enhance signal-to- noise ratio, we add every five 94 A images to yield new images at effectively 
1-min cadence. Other filters in 171 A (Fe IX; logT = 5.8), 193 A (Fe XII; logT = 6.1), 211 A 
(Fe XIV; logT = 6.3), and 335 A (Fe XVI; logT = 6.4) provide a multi-thermal perspective. 
The 193 A band is also sensitive to 20 MK plasma (Fe XXIV). HMI observes the Sun at 
6173 A at V' resolution, and has begun to publish line-of-sight magnetograms at 45-second 
cadence with a precision of 10 G. 



2.2. The Formation of the Flux Rope 

The sigmoid eruption conforms to the classical "sigmoid-to-arcade" transformation. Fig- 
ure [11(c) show the sigmoid structure observed 8 hours before the eruption, which consisted 
of two bundles of J-shaped loops. The arcade structure after the eruption is shown in Fig- 
ure [11(d). The detailed transformation is presented in Figure [2 as the running difference of 
AIA 94 A images. At 06:35 UT (Figure [21(a)), a brightening structure appeared in the center 
of the active region, which seems to be a low-lying, compact loop (hereafter c-loop) across 
the PIL. About five minutes later, an inverse S-shaped loop (hereafter S-loop) started to 
glow, whose central portion was apparently dipped, aligned along the PIL, and crossed the 
c-loop (Figure [21(b)). The S-loop axis is apparently twisted by about half a turn (referred to 
also as flux rope hereafter), but the individual field line could be twisted more than that. 

The c-loop was soon darkened in the running difference image (Figure [21(d)) and be- 
came visible by 06:55 UT in cooler AIA filters, such as 335 A and 211 A. The S-loop can 
only be clearly seen in AIA 94 A throughout its lifetime. Its temperature is therefore well 
constrained, i.e., about 6 MK. Since both the S-loop and c-loop were newly formed, and of 
high temperature, we suggest that they were the product of the reconnection between two 
J-shaped loops (hereafter J-loops) as illustrated i n FiCTre[2lfa) (labeled "Jl" and "J2"), same 



as the tether-cutting reconnection envisaged by i Moore et al.l (120011 ). However, the cooling 



of the c-loop and the concurrent detachment of the S-loop with it suggests the halt of the 
reconnection by then. The fact that the c-loop brightened before the S-loop formed excludes 
the possibility that the reconnection was induced by the flux rope. Despite the heating 
observed in AIA, the amount of the energy released by tether cutting is below the detection 
threshold of both GOES and RHESSI^ since the only flare detected at that time was above 
the southeast lim b ((70£'6'-class B3.3; see the inset of Figure [31(c)). This concurs with MHD 



simulations (e.g.. lAulanier et al.ll2010l ) 



To investigate the role of photospheric flows in the formation of the flux rope, we use a 
series of HMI magnetograms at 12-min cadence from 00:00 UT to 1 2:00 UT . The average flow 



field calculated by the differential afhne velocity estimator (DAVE; ISchuckll2005l ) is shown in 
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Fig. 2. — Running difference of AIA 94 A images. All images are registered with the image 
taken at about 06:00 UT. Panel (a) is overlaid by an HMI magnetogram at about 06:00 UT, 
with the same color codes and contour levels as in Figure [l](g) . Panel (i) is overlaid with 
contours of YLa emission (purple) indicating flare ribbons. An animation of AIA 94 A and 
corresponding base-difference images is available in the online Journal. 
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Fig. 3. — Time evolution of the sigmoid eruption in various wavelengths. In Panel (c) the 
bars at the top indicate RHESSI eclipse ('N'), and the attenuator states, 'AT and 'AO', 
respectively. The inset is a RHESSI Back-Projection image at 6-12 keV showing the B3.3 
flare location. The correlation coeflicients between Ribbons P and Nl before and after 
08:05 UT (indicated by dashed line) are shown at the top of Panel (d), and those between 
Ribbons P and N2 are shown in Panel (e). In Panel (f), color-coded contours display the 
time evolution of Ha ribbons, overlaid on an HMI magnetogram. 
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Figure [H The most visible flow pattern is the radial outflows in the sunspot penumbra (left 
panel), known as moat flows. Apart from that, one can see persistent converging motions 
toward, and less signiflcant shear motions along, the PIL (right panel). Magnetic elements 
of positive polarity (white patches and red contours) show stronger converging motions 
than those of negative polarity (black patches and blue contours ). The overall flow patter n 
is independently conflrmed by local correlation tracking (LCT; [November fc SimonI Il988l ). 
Flux cancellation can be seen in the animation of magnetograms, when the white patches 
move into black ones. From the left panel of Figure [U one can also see that the c-loop is 



clearly associated with the converging flows, which supports the conjecture of iMoore et al. 



( 1200 ll ). Formation and eruption of flux ropes driven by converg:inR flows have also been 



found in 3D MHD simulations (e.g., lAmari et al.ll2003l : lAulanier et al.ll2010l ). 



2.3. The Eruption 



In Figure [3](a) we present the chronological observation of the S-loop through a slit 
across its dipped portion (Figure [2](f)). This slit "image" is composed of strips cut from 
the AIA 94 A base-diflFerence images (subtracted by the image at 06:00 UT). The projected 
speed of the rising flux rope can then be estimated from the brightening patterns. Figure [2] 
and Figure [3](a) together show that after its formation, the S-loop began to rise slowly at 
^ 10 km s~^, driven presumably by the upward-pointing magnetic tension force at the dip. 
The rising speed then increased to ^ 60 km s~-^ at about 07:30 UT (Figure [3](a)), ten minutes 
prior to the C3.2 flare (Figure [3](b)). At the flare onset (about 07:42 UT; Figure [3](b)), the 
twisted flux rope had transformed into an arch-shaped loop (Figure [2](h), marked by an 



arrow). Snapshots of the rising; fl ux rope may have been captured previously (IMoore et al 



200 ll : iMcKenzie fc Canfleldl l2008l ) . This rising and inflating loop became too diffused to be 
seen after 07:50 UT, but only minutes later a CME with a similar loop morphology and 
loop orientation (Figure [l](a) and (b)) was observed flrst by the STEREO "Ahead" Satellite 
from 07:55 UT onward, and then by the "Behind" satellite from 08:11 UT onward. No 
high-density fllament material (bright core) can be seen inside the CME and the fllament 
lying along the PIL (see Figure [l](e)^(h); labeled T' in Figure [l](e)) remained largely intact 
throughout the eruptive process. Hence the tether-cutting reconnec tion must have taken 
place above the fllament (see also IPevtsovl l2002l : iLiu et all 120071 . l2008l ). 



With the onset of the C3.2 flare, flaring loops which were less sheared than the c-loop 
became visible in the central region (Figure [2](h) and (i)). We suggest that the flaring is 
due to reconnection driven by the rising flux rope which stretched the loops overlying the 
central region and resulted in the formation of a current sheet underneath, similar to the 
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Fig. 4. — Flow field calculated with the DAVE method. Figure [2](b) is adopted as the 
background of the left panel. Contours levels are ±100 and ±500 G, given by the HMI 
magnet ogr am at 06:00 UT (background of the right panel), to which all other magnet ograms 
used for the calculation are registered. The rectangle in the left panel indicates the field of 
view of the right panel, in which the yellow contour indicates the PIL. An animation of the 
HMI magnetograms is available in the online Journal. 
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schematic diagram in iMoore et al.l ( l200lL their Figure 1). In Figure [2](a), such an overlying 
loop is illustrated in yellow (labeled "01"). Note, however, that 01 was not visible in any 
AIA filter prior to the fiare. In fact, coronal loops arched over the rising fiux rope were 
similar in magnetic connectivity to Jl and J2 in Figure [2](a), except that they were located 
higher and less sheared. Such an overlying loop is illustrated in yellow in Figure [2](a) (labeled 
"02"). One can see that a group of loops similar to 02 were pushed upward by the rising 
flux rope, exhibiting a bright outer rim and a dark inner rim in the running difference image 
(Figure [2](h)). At 08:03 UT, a brightening ribbon in Ha became visible near the sunspot, 
co-spatial with a brightening front moving westward in AIA 94 A (Figure [2](i), marked by 
an arrow). We suggest that from that time onward, the reconnection was due to the stretch 
of 02. 

This interpretation is supported by Ha observations, in which three flare ribbons are 
identifled and referred to as Ribbons P, Nl, and N2 hereafter (Figure [3](f)), with P for positive 
and N for negative polarity. In Figure [3](f) color-coded contours display the time evolution 
of Ha ribbons, overlaid on an HMI magnetogram to which Ha images are co-aligned. Obvi- 
ously Ribbons P and Nl are connected by loops like 01, while P and N 2 by loops like 02. 



We ca lculated the reconnection rate and the reconnected flux following lOiu fc Yurchyshyn 



(I2OO5I). The reconnection rate is deflned as the change rate of the magnetic flux passing 
through the newly brightened flare area and its time integration gives the reconnected flux. 
The results are shown in Figure [3](b)-(e). One can see that the reconnected flux at Ribbon 
Nl became flattened after about 08:05 UT, when the reconnection flux at Ribbon N2 started 
to pick up. Accordingly, the reconnection rate at Ribbon N2 dominated over that at Rib- 
bon Nl after 08:05 UT (Figure [3](b) (e)). Moreover, before 08:05 UT, Ribbon P was better 
correlated with Ribbon Nl in terms of the reconnection rate, while after 08:05 UT, it was 
better correlated with Ribbon N2 (Figure [3](d)-(e)). About two hours later, post-flare loops 
began to appear in Ha as absorption features (Figure [l](h)). Like in EUV (Figure [l](d)), 
the Ha post-flare loops were oriented in a northeast-southwest direction, rather than the 
east- west direction crossing the fllament, which also indicates that the majority of the flare 
loops connected Ribbons P to N2, rather than Ribbons P to Nl. 

RHESSI provides additional diagnostic information on the flare loops. An HXR spec- 
trum integrated from 08:17 UT to 08:18 UT is shown in Figure [5](i) as an example. It can 
be well fltted with an isothermal component of 12 MK (orange color) plus a power-law com- 
ponent with 7 2::^ 5 above 11 keV up to 25 keV (green). A Gaussian line (purple) is adopted 
to flt the iron-line complex peaking at ^6.7 keV. The HXR sources reconstructed with the 
CLEAN algorithm are shown as contours in Figure [5](e). One can see that the thermal source 
(3-9 keV; orange contours) is co-spatial with the brightening in hot AIA fllters, 94 A (Fig- 
ure [5](g)) and 131 A (Figure [5](h)). The nonthermal component (12-25 keV; green contours) 
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Fig. 5. — Flare observed by AIA and RHESSI. Panels (a) and (e) show composite images 
of cold filters (171 A , 193 A , and 211 A) and hot filters (335 A , 94 A , and 131 A), 
respectively. Panels (b)-(d) and (f)^(h) show the base-diflFerence image of each individual 
filter (subtracted by an image at about 06:00 UT). Panel (e) is overlaid by the same HXR 
sources as in Figure [I](g) , with three 12-25 keV sources being marked. Panel (i) shows a 
RHESSI spectrum, with fit residuals plotted at the bottom (see the text for spectral fitting 
details) . 
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exhibits two strong sources: one is apparently associated with Ribbon P (Source 1) and the 
other, which is also registered with positive polarity when projected onto the magnetogram 
(see also Figure [l](g)), is co-spatial with the thermal source (Source 2). Hence we conclude 
that Source 1 is a footpoint source and Source 2 is a looptop source. There is an additional 
weak source (Source 3) co-spatial with Ribbon N2 (Figure [l](g)), which appears to the be the 
footpoint conjugate to Source 1. Before 08:05 UT, only Source 1 was visible (not shown). We 
suspect that its conjugate footpoint at Ribbon Nl is too weak to be detected with RHESSFs 
limited dynamic range (^ 1:10). 

In addition, significant dimmings can be seen in cold AIA filters (Figure [5](b)^(d)), but 
not in hot filters (Figure [5](f)^(h)). This implies that coronal dimming is not only an effect 
of density depletion with the cold envelope filed being opened up, but also a temperature 
effect with plasmas in the core region being heated to high temperatures. 



3. Discussion & Conclusion 

The sigmoid eruption on 2010 August 1 evolved clearly in a sequential manner, which 
provides us an opportunity to address several controversial issues in solar physics. 

First of all, the observation verifies, for the first time, that the topological reconfiguration 
due to tether-cutting reconnection does exist in the solar corona, i.e., two opposite J-shaped 
loops reconnect to form a continuous S-shaped loop and a compact low- lying loop (Figure [2j). 
A causal relationship between photospheric fiows and coronal tether-cutting reconnections is 
also evidenced by the detection of persistent converging fiows toward the PIL (Figured!). On 
the other hand, the observation that the filament was left intact during the sigmoid eruption 
(Figured]), which is at variance with what the tether-cutting model predicts, calls for further 
investigation on how filaments are embedded in sigmoids. 

Second, the observation that the S-shaped loop continuously transformed into an arch- 
shaped loop (Figure [2!) and then erupted as a loop-like CME (Figured]) shed li g:ht on the ori- 



gin o f interplanetary magnetic clouds, which possess rotating magnetic fields ( IBurlaga et al. 



198ll ). It also makes it difficult for one to argue that the observed S-shaped brightening is 



due to current density enhancement below a dynamic fiux rope. 

Third, the observations that the tether-cutting reconnection was not detected as a fiare 
and that the newly formed fiux rope remained in quasi-equilibrium in the lower corona for 
about 50 minutes (Figure [2] and Figure [3D argue strongly for the existence of fiux ropes 



prior to solar eruptions (see also iTripathi et al.l l2009l : iGreen fc KliemI l2009l ) . We suggest 



that there may exist a continuum distribution of the lifetime of "quiescent" fiux-ropes in 
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the corona from minutes to hours, or even to days, depending on the amount of magnetic 
twist possessed by the flux rope and the strength of magnetic confinement imposed by the 
surroundings. 

FinaUy, we infer from the observations that most flare loops were formed by reconnec- 
tion of the stretched legs of less-sheared J-shaped loops that enveloped the rising flux rope 
(Figure El Figure 131 and Figure Ej). The reconnection apparently began in the sheared fleld 
above the filament so that some of the sigmoidal fleld was trapped under the flare arcade, 
consistent with the active region remaini ng sigmoidal during and after the eruption (e.g., 



Pevtsovl 12002 : iMcKenzie fc Canfleldl 120081 1 
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are provided through the Global H-alpha Network operated by NJIT. The authors thank 
P. Schuck for providing the DAVE code. R.L., C.L., S.W. and H.W were supported by 
NASA grants NNX08-AJ23G and NNX08-AQ90G, and by NSF grants ATM-0849453 and 
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